There is a mutualistic symbiotic relationship between the components of the photoreceptor/retinal pigment epithelium (RPE)/Bruch's membrane (BrMb)/choriocapillaris (CC) complex that is lost in AMD. Which component in the photoreceptor/RPE/BrMb/CC complex is affected first appears to depend on the type of AMD. In atrophic AMD (~85-90% of cases), it appears that large confluent drusen formation and hyperpigmentation (presumably dysfunction in RPE) are the initial insult and the resorption of these drusen and loss of RPE (hypopigmentation) can be predictive for progression of geographic atrophy (GA). The death and dysfunction of photoreceptors and CC appear to be secondary events to loss in RPE.
Each is dependent on the other components in the complex and each contributes to the well being of the others. We will first discuss each component in the complex in healthy human eyes and then discuss how each is changed in age-related macular degeneration. Finally, we will consider the breakdown of the mutualistic symbiotic relationship in AMD.
Photoreceptors
The photoreceptors are a specialized type of neuron in the posterior retina that are capable of phototransduction. Photoreceptors convert light into signals that can stimulate neuronal impulse transmission by triggering a change in the cell membrane potential after absorbing a photon. The two classes of photoreceptor cells are rods and cones and the signal they generate are converted to vision. The rods are narrower than the cones and distributed differently across the retina, but the chemical process in each that supports phototransduction is similar. However, rods are extremely sensitive and can be triggered by a very small number of photons. At very low light levels, visual experience is calculated solely from the rod signal. Cones require significantly brighter light in order to produce a signal. In humans, there are three different types of cone cells (red, green blue), distinguished by their pattern of response to different wavelengths of light. The human anatomical macula is only 6 mm in diameter and it contains a small cone dominated fovea (0.8 mm) (Figure 1 ) surrounded by a rod-dominated parafovea (Curcio et al., 1996; Curcio, 2001; Curcio et al., 1990) . It is estimated by Curcio that only two rods/mm 2 of retina die per year. Barron and associates found mitochondrial DNA deletions and cytochrome c oxidasedeficient cones accumulate in the aging retina, particularly in the foveal region. These defects may contribute to the changes in macular function observed in aging and age-related maculopathy (Barron et al., 2001 ).
The photoreceptor inner segments are rich in mitochondria, which are needed to provide energy for these highly metabolically active cells. The photoreceptors consume more oxygen per gram of tissue weight than any cell in body and have a tissue oxygen level close to zero in the dark (Wangsa-Wirawan and Linsenmeier, 2003) .
Retinal Pigment Epithelium (RPE)
Just posterior to the photoreceptors, the RPE are polarized epithelial cells found at the base of the retina. The RPE consists of a single layer of hexagonal cells that are densely packed with pigment granules (melanosomes). The RPE are firmly attached to their underlying basement membrane, which is the inner or anterior layer of Bruch's membrane. At the ora serrata, the RPE continues as a membrane passing over the ciliary body and continuing as the posterior surface of the iris. At its apical surface of the RPE faces the photoreceptor outer segments making a complex of close structural interactions. With its basolateral surface, the RPE faces Bruch's membrane (BrMb), which separates the RPE from fenestrated endothelium of the choriocapillaris (CC). When viewed in cross section, each RPE cell consists of a basal outer non-pigmented part containing a large oval nucleus and an anterior-pigmented portion, which extends as a series of finger-like processes between the photoreceptor outer segments.
The RPE provides the nutrients needed to maintain visual function by light-sensitive outer segments of the photoreceptors. For example, the RPE supplies omega-3 fatty acids for building photoreceptor outer segment membranes and glucose for energy metabolism (Strauss, 2005) . The RPE also transports ions, water, and metabolic end products from the subretinal space to the choroid.
The RPE also plays a key role in retinal physiology by forming the outer blood-retinal barrier that prevents nonspecific diffusion and transport of material from the choroid. RPE melanosomes absorb excess incoming light, which protects the retina from light damage. The RPE also serves as the limiting transport system that maintains the outer retinal environment by supplying small molecules such as amino acids, ascorbic acid, and Dglucose while remaining a tight barrier to choroidal blood borne substances. Homeostasis of the ionic environment in and around the RPE is maintained by this delicate, specific transport exchange system.
Another critical role for the RPE involves phagocytosing shed outer segments, scavenging photoreceptor debris, thus, serving as part of the waste disposal system for the retina in general. An RPE cell services 20-30 photoreceptor outer segments. An RPE cell ingests and degrades about 300,000,000 discs through a 70-year life span (Marshall, 1987) . In addition to removal of waste from the PR by either recycling it or completely degrading it, the RPE can exocytose the remains for the CC for clearance from the retina.
The RPE is known to produce and to secrete a variety of growth factors: fibroblast growth factors (FGF-1, FGF-2, and FGF-5) and transforming growth factor-β (TGF-β) (Bost et al., 1992; Bost et al., 1994; Caruelle et al., 1989; Connolly et al., 1992; Dunn et al., 1998; Hageman et al., 1991; Ishigooka et al., 1993; Khaliq et al., 1995; Matsumoto et al., 1994; Sternfeld et al., 1989; Tanihara et al., 1993) , insulin-like growth factor-I (IGF-I) (Martin and Haywood, 1992; Slomiany and Rosenzweig, 2004) , ciliary neurotrophic factor (CNTF) (Cao et al., 1997; Walsh et al., 2001 ), platelet-derived growth factor (PDGF) (Campochiaro et al., 1994; Campochiaro et al., 1989) , VEGF (Adamis et al., 1993) , lens epithelium-derived growth factor (LEDGF) (Ahuja et al., 2001) , members of the interleukin family (Streilein et al., 2002; Wenkel and Streilein, 2000) , and pigment epithelium-derived factor (PEDF) to help build and sustain the choroid and photoreceptors (Streilein et al., 2002; Wenkel and Streilein, 2000) . The RPE is also important in wound healing. It is obvious that the RPE performs a variety of complex functions that are essential for proper visual function.
Bruch's Membrane (BrMb)
BrMb is a thin (2-4 um) connective tissue strategically located between the metabolically active retinal pigment epithelium (RPE) and its source of nutrition, the choriocapillaris. BrMb is an elastin-and collagen-rich extracellular matrix (ECM) that acts as a molecular sieve. This is penta-laminar structure; the basement membrane of the RPE (0.14-0.15 um thick) most anterior; the inner collagenous layer (ICL; approximately 1.4 um in diameter); a porous elastic layer (EL); the outer collagenous layer (OCL; 0.7 um in diameter); and the basement membrane of the endothelium of the choriocapillaris most posterior (Hogan, 1961) . The main components of BrMb are collagens type I, III, IV, V and VI (Chen et al., 2003) , fibronectin (Pauleikhoff et al., 1992) , laminin (Aisenbrey et al., 2006) , heparan sulphate proteoglycans (HSPG) and chondroitin/dermatan sulphate (Hewitt et al., 1989) .
BrMb assumes importance in the physiology of the eye by virtue of its strategic location. Bruch's membrane is a stratified ECM complex that functions as a physical as well as biochemical barrier for normal physiological processes and pathological processes like choroidal neovascularization (CNV). The primary functions of BrMb include: 1) regulating the reciprocal diffusion of bio-molecules, minerals, antioxidant components, trace elements and serum constituents between the choroid and RPE; 2) Providing physical support for RPE cell adhesion (Del Priore et al., 2002; Del Priore and Tezel, 1998 ) and a surface for migration and perhaps differentiation of RPE (Gong et al., 2008) ; 3) wound healing (Tezel et al., 2004) ; and 4) acting as a barrier that restricts retinal and choroidal cellular migration.
Given the acellular nature of BrMb, transport through it is primarily by passive diffusion (Grindle and Marshall, 1978) . Diffusion across BrMb depends on its molecular composition, which is influenced by several factors like age and location in the retina. It also depends on hydrostatic pressure on both sides of BrMb and on concentration of specific bio-molecules and organic ions (Grindle and Marshall, 1978) . Any alteration in the structure or composition of BrMb could influence its diffusion properties and, ultimately, the function of the RPE and outer retina. Accumulating evidence suggests that the molecular, structural, and functional properties of BrMb are dependent on age, genetics, environmental factors, retinal location, and disease state. As a result, part of the properties of BrMb are unique to each human individual at a given age and, therefore, uniquely affect the progression of ocular disease in the photoreceptor/RPE/BrMb/CC complex.
Choriocapillaris (CC)
The choriocapillaris (CC), the capillary component of the choroidal vasculature, lies adjacent and posterior to Bruch's membrane. The CC has an unusual disposition in choroid, arranged in a single layer restricted to the inner portion of the choroid with feeding arterioles and draining venules entering the capillary plexus from below at right angles in the posterior pole. In the equatorial and more peripheral choroid, arterioles and veins are located in the plane of the CC, and the CC is segmental in arrangement. Inner choroidal vessels (CC and medium-sized vessels) are sandwiched between two pigmented cell types, apical RPE of neuroepithelial origin and outer choroidal melanocytes of neural crest origin. The adult CC is unique in that it is fenestrated mostly on the retinal side and its basement membrane comprises the most posterior layer of BrMb. Fenestrated endothelial cells is a characteristic of tissues that are involved in secretion and/or filtration. The sidedness of the CC and its endothelial cells is also true in terms of receptor expression. VEGF receptor-1 and -2 (VEGFR-1 & -R2) are reported to be expressed on the retinal side of the vasculature (Blaauwgeers et al., 1999 ). The CC is also unique in that it is the only capillary system in which the endothelial cells constitutively express intracellular adhesion molecule-1 (ICAM-1 ) . ICAM-1 is responsible for firm adherence to endothelial cells by leukocytes with CD11b/CD18 on their surface, like macrophages and neutrophils.
It is assumed that RPE are responsible for transporting nutrients into the photoreceptors (PR) from the CC and removal of waste from the PR by either recycling it, completely degrading it, or degrading it and exocytosing the remains for CC to remove. The juxtaposition of the RPE/BrMb/CC permits the CC to provide all of the metabolic needs from serum for the PR including 90% of the O 2 consumed by the PR in darkness (Wangsa-Wirawan and Linsenmeier, 2003) . Since photoreceptors are almost anoxic in the dark, any disruption in choroidal blood flow would be detrimental to these cells (Wangsa-Wirawan and Linsenmeier, 2003) .
1.4a
Physiology and blood flow in choriocapillaris-The choroid lacks metabolic regulation and, therefore, it lacks autoregulation (Friedman and Chandra, 1972) . Even exposure of neonatal dogs to 100% oxygen for 4 days does not constrict the choroidal vasculature (McLeod et al., 1996) . The PO 2 in cat choroid is around 70 mm Hg and it can increase to 250 mm Hg in hyperoxia (Linsenmeier and Yancy, 1989) . As a consequence, decreases in choroidal PO 2 can be caused by systemic hypoxia or elevated intraocular pressure. Choroidal nonperfusion is extremely detrimental to proper photoreceptor function and viability and retinal detachment from choroid results in photoreceptor death. WangsaWirawan and Linsenmeier have suggested that hyperoxia after retinal detachment might be used therapeutically to rescue photoreceptors (Wangsa-Wirawan and Linsenmeier, 2003) .
1.4b
Innervations of the choroid-There is an intrinsic network of nitrergic ganglion cells [NADPH-diaphorase and nitric oxide synthase (NOS) positive] in the human choroidal stroma, whose neurons are connected to each other and to the perivascular network (Bron et al., 1997) . This intrinsic plexus appears to be present in the choroid of animals with foveas because ganglion cells are found only rarely in non-foveate species.
The ganglion cells in human choroid are concentrated mainly in the temporal and central regions of the human choroid. The majority of the ganglion cells are solitary, polygonal cells, with diameters ranging from 10 to 40 μm. Most are located close to the walls of large arteries, and none are observed near the choriocapillaris (Flügel et al., 1994) . Nitric oxide (NO) is a mediator of endothelium-derived vascular relaxation, and the release of NO from perivascular nerves in various organs, including the cat choroid, causes vasodilatation (Bill, 1991; Flügel et al., 1994; Lauber, 1936; Mann et al., 1993; Morris, 1993; Nilsson et al., 1985; Stjernschantz and Bill, 1980) . In the choroid, NO is colocalized with vasointestinal polypeptide (VIP), which also has a vasodilator action (Furness et al., 1992; Kummer et al., 1992; Miller et al., 1983; Talmage and Mawe, 1993) . Bhutto et al found endothelial nitric oxide synthase (eNOS) associated with blood vessels in choroid while neuronal nitric oxide synthase (nNOS) was localized to perivascular neurons, scattered cells throughout the choroid, and the RPE ). The perivascular and ganglionic neural plexuses express nNOS and appear to serve a vasodilator role in the choroid, perhaps adjusting blood flow in response to reduction in arterial blood pressure or protecting the retina from thermal damage associated with light exposure. Flugel et al (Flügel et al., 1994) have suggested that the submacular location of the intrinsic choroidal ganglionic plexus in foveate animals may afford additional protection from light damage at a site where light is focused and the photoreceptors and RPE are most susceptible.
1.4c Blood Flow in Choroid-Whereas retinal vasculature supplies oxygen to the inner retina, the choroidal vasculature supplies oxygen to outer retina. There is little disagreement that the majority of the blood from the ophthalmic artery (approximately 80%) enters the choroidal vasculature. Based on the circulation of radioactive microspheres (Alm and Bill, 1972) and krypton 85 (Friedman et al., 1964) , blood flow rate in cat choroid was found to be at least 10 times higher than retinal blood flow. High blood flow was thought necessary to provide enough oxygen to retina. However, two studies demonstrate that, at least in rat, the RBC velocity in choriocapillaris is actually 4 times slower than in inner retinal capillaries (Braun et al., 1997; Wajer et al., 2000) . The reported differences in flow may be due to species differences but it is more likely due to techniques employed where the former values are based on flow in all choroidal vessels whereas, the RBC velocities were measured directly in capillaries. Greater retention of microspheres is due to the large blood volume in the entire system. The lobular nature of choriocapillaris (no linear vascular segments) and the unusual disposition of the large blood vessels posterior to and at right angles to the capillaries probably contribute to slow RBC velocities in choriocapillaris. Another contributing factor may be that the lumens of capillaries are broad laterally but flat in an anterior to posterior position.
Basic definitions of exudative and dry age-related macular degeneration
Age-related macular degeneration (AMD) is the leading cause of blindness in the United States, and 10-18% of individuals between 65 and 75 have lost some central vision as a result of AMD (Friedman, 2008) while 30% of those aged 75 years or older have lost vision (Klein et al., 1992) . There are approximately 15 million people affected by AMD in the United States. Age-related macular degeneration (AMD) is a disease associated with aging in which there is a decline in sharp, central vision since the affected area is most often the small central portion of the retina called the macula. The central vision is needed for seeing objects clearly and for common tasks of daily living such as reading and driving. AMD causes no pain. The diagnosis of AMD is based on visual dysfunction and characteristic macular findings. In some cases, AMD advances so slowly that people notice little change in their vision. In others, the disease progresses faster and may lead to a loss of vision in both eyes.
There are many forms of AMD but the two major types are exudative or neovascular or "wet" and non-exudative or "dry" AMD. Approximately 10-15% of the cases of macular degeneration are the exudative type. Most patients with AMD have the non-exudative form of the disease and will not lose central vision but have substantial functional limitations, including fluctuating vision, difficulty reading, limited vision at night or under conditions of reduced illumination. Sunness et al found that total atrophy area enlarged a median of 0.9 disc areas per year in geographic atrophy (GA) (Sunness, 1999) . In GA, one form of "dry" AMD, the fovea is often spared from degeneration initially. It tends to progress more slowly than the neovascular type. However, the nonexudative form of AMD can lead to the neovascular form, which is more aggressive and severe. .
The nonexudative form of AMD is characterized by the presence of yellow deposits, called drusen, in the macula and sharply defined focal areas of RPE atrophy, which are associated with varying degrees of loss of the CC. A few small drusen may not cause changes in vision; nearly all people over the age of 50 years have at least one small druse in one or both eyes. However, as drusen grow in size and increase in number, they may lead to a dimming or distortion of vision that people find most noticeable when they read. The early stage of dry AMD is characterized by drusen and pigmentary abnormalities in the macula. Only subjects with large drusen are at risk for late AMD. In more advanced stages of dry AMD, there is loss in RPE ( Figure 2 ) and thinning of the photoreceptors in the macula leading to atrophy, or tissue death. In the atrophic form of dry AMD, patients may have blind spots in the center of their vision. In the advanced stages, patients lose all central vision. There is no known cure for the "dry" type of AMD. Patients may use antioxidants and zinc to slow progression of AMD (AED Study Research Group, 2001; Klein et al., 2008) (also see review by Weikel in this issue).
The "wet" form of AMD is characterized by choroidal neovascularization (CNV), the growth of abnormal blood vessels from the choroid underneath the macula (Figure 3 ). These new blood vessels leak blood into the retina, causing distortion of vision that makes straight lines look wavy, as well as blind spots and loss of central vision. However, some patients do not notice any such changes, despite the onset of CNV. Clinically, CNV associated with wet AMD may include classic or occult neovascular leakage patterns. Classic CNV is distinct or well demarcated during fluorescein angiography whereas occult CNV is obscured or poorly demarcated on fluorescein angiography. These abnormal blood vessels eventually result in disciform scar, leading to permanent loss of central vision.
Changes in Photoreceptor/RPE/BrMb/CC complex in AMD
2.1a Changes in and loss of photoreceptors in AMD-AMD is characterized clinically by loss of visual function. Curcio and associates observed more rod than cone loss in AMD (Curcio et al., 1996; Curcio, 2001) . They suggested that photoreceptor degeneration and loss occurs before disease in the RPE/Bruch's membrane complex (Curcio, 2001 ). Dunaief observed apoptotic photoreceptors, RPE, and inner nuclear layer cells in human AMD (Dunaief et al., 2002; Xu et al., 1996) . Furthermore Dunaief observed TUNELpositive RPE and photoreceptor cells that were at the edges of atrophy, where expansion of atrophic regions is associated with vision loss in patients with GA (Dunaief et al., 2002) . Dunaief also suggested the Fas/Fas ligand system may be involved in photoreceptor apoptosis in AMD (Dunaief et al., 2002) . Maeda et al observed that the loss of photoreceptors was directly related to loss of RPE after intravitreal ornithine-induced degeneration, suggesting the importance of RPE in photoreceptor viability (Maeda et al., 1998) . In geographic atrophy, Kim et al observed that photoreceptors loss was associated with RPE loss . In another study, Kim and associates found that photoreceptor loss in wet AMD was associated with scar formation and it was less severe when RPE were present on the scar (Kim et al., 2002b) . Green and Enger found that the thickness of the scar was related to the degree of photoreceptor degeneration (Green and Enger, 1993) . The thicker the scar, the greater the distance of the photoreceptors from surviving choriocapillaris, their source of nutrients.
2.1b RPE changes in AMD-Many diseases of the retina and choroid affect RPE. Degeneration of RPE cells severely impairs the visual function of retina photoreceptors. Age-related alterations of the RPE include changes in pigmentation and the reduction of melanosomes, cell density of RPE as well as an increase in the number of lipofuscin granules (Delori et al., 2001 ). The reduction in cell density itself may result from apoptosis, which is caused by accumulation of toxic substances (Hageman et al., 2001; Mullins et al., 2000) . Some of this stress is clearly oxidative. Oxidative stress in RPE melanin may be attributed to complexing of melanin with lipofuscin, pigment granules composed of lipidcontaining residues of lysosomal digestion, which generate reactive oxygen species upon excitation with blue light, thereby making the aged RPE more susceptible to oxidative damage (Strauss, 2005) (also see reviews in this issue by Boulton, Handa, Sparrow). An increase in oxidative stress due to a reduction in protective mechanisms of RPE or an increase in number and concentration of active photo-oxidative reaction species are believed to contribute to the pathogenesis of AMD. This is enhanced by an age-related reduction in one of the most important antioxidants, α-tocopherol (Friedrichson et al., 1995) 
(See review by Weikel in this issue).
A change in the ECM environment can affect several aspects of RPE cellular function, including adhesion, proliferation, differentiation, and migration. A significant contribution to the ECM environment for RPE cells comes from BrMb. It has been reported that oxidative stress can be seen as the accumulation of advanced-glycation end products (AGEs) in RPE and BrMb (Handa et al., 1999; Uchiki et al., 2012; Weikel et al., 2011) . Drusen also contain AGEs (Crabb et al., 2002) . These AGEs may also play an important role in the induction of CNV, a hallmark of wet AMD. Other deposits associated with BrMb include basal laminar deposits that are located between RPE and Bruch's membrane and basal linear deposits that are located inside Bruch's membrane. These deposits include metabolic end products such as lipoproteins and other hydrophobic materials. These might be a consequence of incomplete degradation of metabolic end products from both photoreceptors and RPE. Alternatively, they could be related to the inability of aged BrMb to transport material.
Much of the pigmentary change that is visible clinically in retinal disorders takes place in the RPE rather than in the retina or melanosomes of choroid. Dysfunction of the RPE in AMD may lead to photoreceptor loss and blindness. In geographic atrophy (GA), the photoreceptors and RPE degenerate in a horse shoe-shaped pattern surrounding the fovea; the loss of choroidal vasculature appears to be a secondary event (Sarks et al., 1988; Sunness, 1999) .
2.1c Bruch's membrane changes in AMD and drusen formation-Generally
Bruch's membrane becomes thicker with increasing age as a result of an accumulation of as yet unidentified substances in the collagenous areas and intercapillary region (Guymer et al., 1998) . The age-associated thickening of the BrMb undergoes diffuse thickening, with thickness being reported to increase by 135% in 10 decades. A prolonged choroidal filling phase during fluorescein angiography signals the presence of diffuse BrMb thickening. The maximum thickness occurs in the ICL, followed by the OCL. However, there is marked heterogeneity in the BrMb thickness among individuals at a given age. Disease risk is associated with age-related thickness of this structure (Spraul et al., 1996; Spraul et al., 1999) . In general, BrMb thickening is caused by increased deposition and cross-linking of (less soluble) collagen fibers and increased deposition of biomolecules, the majority being (oxidized) waste products of RPE metabolism. There is an age-related accumulation of PASpositive (periodic-acid-Schiff) granular, membranous, filamentous and vesicular material eventually resulting in focal deposits and drusen (Guymer et al., 1998) (Figure 4) . Obviously, the thickening of BrMb eventually leads to several functional changes, such as changes in elasticity and hydraulic permeability. Marshall hypothesizes that two discrete processes occur in Bruch's membrane which results in reduced transport with age: membrane remodeling occurs with a programmed decay rate leading to a decrease in hydraulic conductivity by the fifth decade; and lipid content begins to increase by the fourth decade (Starita et al., 1996) . The decline in hydraulic conductivity implies a decreased capacity for exchange of fluids between RPE and choroid (Moore et al., 1995) . Hussain et al have shown that there is a 44% decline in transport of dextrin through peripheral BrMb in the 9th decade compared to 1st decade (Hussain et al., 2010) .
Yuan et al recently performed mass spectroscopy on Bruch's membrane/choriocapillaris complex and found 901 proteins in the complex and 56 were elevated in AMD while 43 were reduced in AMD compared to aged controls (Yuan et al., 2010) . About 60% of the elevated proteins are involved in immune response and galectin 3 was the most elevated protein in dry AMD. Galectin 3 is an advanced glycosylation end product (AGE) receptor so its elevation is consistent with a role for AGEs in dry AMD. The alterations progress throughout life, so that in the eyes of many elderly persons, BrMb shows extensive thickening and formation of deposits. The increase in thickness is greater in the posterior pole than in the periphery (Ramrattan et al., 1994) . It is not certain whether these changes precede development of senescent changes in the macular retina, nor is it clear whether the changes result from an accumulation of material from the CC or from the RPE, or whether they develop from the collagen and other matrix components in situ. Karwatowski et al found a linear decline in collagen solubility with age: 100% soluble in the first decade of life and 40% soluble in the ninth decade (Karwatowski et al., 1995) . AGEs are associated with BM and CC basement membrane and intercapillary septa in aging and AMD (Handa et al., 1999) . Levels of AGEs are also environmental, their levels increasing when consuming higher glycemic index diets. Curcio has found greatly increased lipids in AMD Bruch's membrane, which she hypothesizes to be made by RPE (Curcio et al., 2009a, b; Curcio et al., 2001 ). All of these changes are associated with the increasing basophilia of the membrane. Such changes are more prominent in the macular and periphery regions, becoming less intense toward the equator (Guymer et al., 1998) . It is possible that the serum proteins we have observed in choroidal stroma (Lutty et al, unpublished results) accumulate there because they do not reach the RPE for transport due to deposits in BrMb.
The progressive accumulation of debris, lipid deposition and alteration of the ECM are the three anatomical changes that occur in the BrMb with age. There are three morphological forms of sub-RPE deposits: hard drusen, soft drusen, and basal deposits in and on Bruch's membrane. Drusen is believed by some to be incompletely digested material from the RPE, which cannot traverse Bruch's membrane for removal by the CC. Crabb et al identified 129 proteins in drusen by mass spectroscopy (Crabb et al., 2002) . The proteome Crabb found in drusen of AMD subjects had oxidative protein modifications and carboxyethyl pyrrole (CEP) protein adducts. These adducts are formed by the oxidation of docosahexaenoatecontaining lipids, which are abundant in the photoreceptor outer segments. When Hollyfield and colleagues injected CEP adducts into mice, AMD-like changes were observed in the mice (Hollyfield, 2010; Hollyfield et al., 2008; Hollyfield et al., 2010) . Gu et al had previously found circulating antibodies to CEP in AMD subjects suggesting that CEP antibodies might be used as a biomarker for AMD (Gu et al., 2003) . One hypothesis on the genesis of drusen states that the deposit of the debris on/in Bruch's membrane is a result of choriocapillaris insufficiency. Alternatively, debris may accumulate on/in Bruch's membrane and CC atrophy results since it is not needed or able to perform transport any more (Bird, 1992; Lutty et al., 1999) .
Hard drusen are refractile, pinpoint (less than 63 um), sharp edged deposits apparent in the fundus as yellow white deposits. We have found that hard drusen are present almost always over intercapillary septa and not over CC lumens , suggesting that this material accumulates on/in Bruch's membrane where transport is least likely. These structures may be present in any aged eye in small numbers without any consequence but numerous hard drusen are independent risk factor for vision loss in AMD (Bird et al., 1995; Klein et al., 1991) . Soft drusen are larger with indistinct edges. The deposit itself has a fluffy appearance in cross section. There is a tendency for soft drusen to be confluent with each other and large confluent soft drusen are independent risk factors for AMD (Ambati et al., 2003) . Interestingly, there can be spontaneous resolution of soft drusen in GA.
A third kind of deposit appears to be within Bruch's membrane itself or a basal deposit. One form is a basal linear deposit (BLinD), which has been associated specifically with severity and progression of AMD. Green and Enger found that BLinD formed a thin layer of membranous profiles below the RPE (Green and Enger, 1993) . Sarks et al suggested that they were caused by entrapment of membranous bodies released from the basal plasma membrane of the RPE, but were unable to enter the ICL owing to the tight meshwork of collagen fibrils beneath them (Sarks et al., 2007) . Starita et al found that the inner collagenous zone of Bruch's Membrane imparts the major resistance to fluid movement between RPE and choroid (Starita et al., 1997) . Curcio and Millican demonstrated that BLinD and large drusen with membranous contents are strongly associated with early agerelated maculopathy compared with basal laminar deposits (Curcio and Millican, 1999) . This deposit stains with PAS stain and has high lipid content. At the ultrastructural level, this deposit is located between the inner collagenous zone of Bruch's membrane and the basal lamina of the RPE.
Basal laminar deposits (BLamD) are another form of sub-RPE deposit found in the BrMb, consisting of diffuse heterogenous material that lies internal to the RPE basal lamina. It appears as a flocculent PAS positive material at the light microscopic level. Unfortunately, it is only possible to distinguish between BLamD and BLinD by ultrastructural analysis since the former is between the RPE cytoplasmic membrane and the basal lamina of RPE, while the BLinD is found between the basal lamina of RPE and the inner collagenous layer of Bruch's membrane (Curcio and Millican, 1999) . Ultrastructural and histochemical analyses suggest long spaced collagen to be a dominant constituent of these deposits whereas BLinD are composed primarily of membranous debris (Curcio and Millican, 1999; Sarks et al., 2007) .
2.1d Choroid and choriocapillaris in AMD-
The role of choroid in AMD has been controversial. Using enhanced depth imaging (EDI) spectral domain OCT, Spaide has observed a 16 μm decrease in choroidal thickness per decade of life (Margolis and Spaide, 2009; Spaide et al., 2008) . Ding et al observed a more extreme thinning (equivalent to 54 μm reduction in thickness of choroid per decade) (Ding et al., 2011 ) . Our impression is that choroidal thinning during AMD is present in almost all of the 20 AMD subjects documented in our histological collection (Imran Bhutto and Gerard Lutty, unpublished data, 2011) .
In comparison with age-related thinning of the choroid, Kim et al found no difference in choroidal thickness between wet AMD and control subjects (Kim et al., 2011) . Wood et al also observed no choroidal thickening in AMD but found retinal thickness was reduced in AMD subjects compared to controls (Wood et al., 2011) , which may be due to loss in photoreceptors. Others have questioned the accuracy of measuring choroidal thickness with spectral domain OCT (Rahman et al., 2011) .
Friedman hypothesized that vascular insufficiency resulted in loss of PR and RPE (Friedman, 1997) . Furthermore, loss in CC resulted in accumulation of waste at and on Bruch's membrane, i.e. lack of transport resulted in drusen formation (Friedman et al., 1963) . Studies have shown that the density and diameter of the CC and medium-sized choroidal vessels substantially decline with age, resulting in decreased choroidal blood volume and blood flow. Foveolar blood flow declines in with aging and declines further in AMD (Grunwald et al., 1998a; Grunwald et al., 1998b; Grunwald et al., 2005; Metelitsina et al., 2008) . Friedman also advanced a hypothesis that AMD is a hemodynamic sequela of atherosclerotic changes affecting the postcapillary resistance of the choroidal vasculature (Friedman et al., 1995) . This and other vascular insufficiencies like hypertension could explain changes in the angiographic choroidal filling defects and prolonged filling times in AMD using ICG angiography (Pauleikhoff et al., 1990; Staurenghi et al., 1992) An image analysis technique was developed to quantify changes in RPE and CC in postmortem human eyes of subjects with AMD (McLeod et al., 2002) . The entire choroid was incubated for alkaline phosphatase activity (APase), an indicator of endotherilal cell viability which is found in all viable choroidal blood vessels (McLeod and Lutty, 1994 ). The choroid is partially bleached so that RPE melanin was beige not black and melanin in choroidal melanocytes is completely bleached. The loss of RPE and CC was quantified by using two methods of illumination to capture images and Adobe Photoshop to determine the number of blue pixels from APase stained choroidal blood vessels (% vascular area or area of vasculature) or the number of tan pixels (% of Bruch's membrane covered by RPE) (McLeod et al., 2002) . This permitted the loss of RPE to be related to loss of CC. The APase-incubated choroid was then flat-embedded and sectioned following image analysis and morphometric analysis to view the areas documented by image analysis in cross section.
The photoreceptors and RPE degenerate in a horse shoe-shaped pattern surrounding the fovea in geographic atrophy (GA), often sparing the fovea; the loss of choroidal vasculature appeared to be a secondary event in earlier studies (Sarks et al., 1988; Sunness, 1999) . Using our APase flat-embedding technique, we found a linear relationship between the loss of CC and RPE in GA. A 50% reduction in vascular area was found in regions of complete RPE atrophy in GA but no area was completely devoid of CC (Figure 2 ). The border of the RPE defect was clearly delineated and coincided closely with the area of decreased choroidal vascular density but there were areas with RPE loss at the border that had normal appearing CC pattern, suggesting that RPE loss occurred in advance of CC death. This agrees with the experimental observations of Korte et al that loss in RPE results in loss of CC (Korte et al., 1984) .
Extreme constriction of remaining viable capillaries was apparent in flat mounts and cross sections of areas devoid of RPE (Figure 2 ). Surviving CC in the area of RPE atrophy had significantly smaller diameters than CC in control subjects and in normal areas of the GA eyes (P<0.0001) (ex: Figure 1C-D) . In another study by Bhutto et al, we found a significant reduction in vascular eNOS as well as nNOS in neurons and RPE in AMD choroid ). The presumed reduction in nitric oxide in AMD could explain the severe constriction in these surviving capillaries.
Clinically undetected CNV was observed in the periphery and the macula in some of our GA subjects and this was always associated with surviving RPE cells. Sunness has documented the formation of CNV in GA patients . She observed that 11% of the GA subjects developed CNV in the study eye by 4 years. If patients had CNV in the fellow eye, 18% developed CNV in the study eye by 2 years and 34% by 4 years. The association of surviving RPE cells with CNV in our GA specimens suggests that RPE cells may furnish a stimulus for new vessel formation or stabilization.
APase analysis of exudative AMD resulted in a very different scenario for viability of CC in wet AMD. We observed loss of CC adjacent to CNV (Figure 3) , which we previously observed in diabetic choroidopathy using the APase technique (Cao et al., 1998; McLeod and Lutty, 1994) . In wet AMD, large areas that lacked APase + CC were completely covered with RPE ( Figure 4E-F) . Areas with significant attenuation of CC around active CNV and disciform scars were areas associated with viable RPE cells. Areas without RPE, had greatly reduced viable CC as we as observed in GA. Areas with active CNV always had RPE associated with it. In the fan-shaped CNV formation shown in Figure 3 , the anterior tips of the viable neovascular channels have intense APase activity (transmitted light, Figure 4F ) and there was a 50% reduction in viable CC in advance of the CNV (far right, Figure 3H ). So the % vascular area was 40% instead of 80% in controls, while the RPE density was 100%. In sections through different areas ( Figure 4G ), it was apparent that RPE were present over areas with extremely attenuated CC suggesting that exudative AMD may have a vascular etiology.
The final pathologic insult after CNV formation and leakage of serum proteins is formation of disciform scar. The scars often contain active CNV that appears stabilized, i.e. not leaking and not growing. The vessels may be stabilized by the components of scar. We have observed that scars are rich in PEDF and thrombospondin-1, two endogenous inhibitors of angiogenesis.
In summary, some areas in GA had a normal CC pattern yet RPE cells had atrophied. Therefore, in this form of AMD in which the photoreceptors and RPE degenerate in a horse shoe shaped pattern surrounding the fovea, the loss of choroidal vasculature appears to be a secondary event suggesting that GA does not have a vascular etiology. Interestingly, even in areas with complete RPE atrophy, some CC segments remained viable (APase positive) but severely constricted (Figure 2 ). Surviving CC segments in areas with complete RPE atrophy contradicts the data of Korte and Henkind in animal models that suggests that RPE are essential for survival of CC (Korte et al., 1984) . Every example of active CNV we have observed had surviving RPE associated with it as represented by the Figure 5 schematic. In wet AMD, loss of CC occurs in the presence of RPE. We hypothesize that CC loss results in ischemic RPE and then in turn RPE produce hypoxia-inducible angiogenic factors like VEGF, which stimulate growth of CNV from CC, venules, or arterioles and grow through Bruch's membrane and spread under the RPE ( Figure 5 ).
2.1f Angiogenic factors and CNV-CNV represents the growth of new blood vessels
from the choroid into the subretinal space or sub-RPE. CNV is a common pathological endpoint in a heterogeneous variety of chorioretinal diseases (Green and Wilson, 1986) including diabetic retinopathy (Cao et al., 1998) . Nearly any pathologic process that involves the RPE and damages Bruch's membrane can be complicated by CNV. The exact mechanism underlying the pathogenesis of CNV is not yet well understood. The natural history of CNV can be divided into three stages: 1) the initiation stage, endothelial cells (EC) derived from the choriocapillaris proliferate and migrate towards the retina through the Bruch's membrane; 2) the active stage when CNV expands; 3) the involution stage when the CNV becomes fibrotic and forms a disciform scar (Gass, 1971) .
Angiogenesis, the outgrowth of new capillaries from preexisting vessels, is tightly controlled by a finely tuned balance between factors that either stimulate or inhibit vessel growth. In most normal tissues, inhibitory factors predominate and vessels remain quiescent. In contrast, in a variety of pathologic state such as exudative AMD and tumor growth, neovascularization occurs because of decreased production of inhibitors and/or increased production of angiogenic stimulators (Folkman, 1995) . Angiogenesis also requires that matrix metalloproteins and other enzymes break down the surrounding extracellular matrix or basement membrane, permitting endothelial cell migration from the existing blood vessel into the surrounding tissue.
CNV is stimulated by angiogenic factors like, vascular endothelial growth factor (VEGF), but there are many other growth factors like insulin-like growth factors, the fibroblast growth factor family members, interleukins, and angiopoietins that might participate in angiogenesis. Among the angiogenic factors, VEGF is the most important contributor to the angiogenesis in exudative AMD. Endothelial cells (EC), pericytes, glial cells, Muller cells, ganglion cells, photoreceptors, and RPE are potential sources of VEGF production (Ishibashi et al., 1997; Kvanta et al., 1996; Lopez et al., 1996; Otani et al., 2002; Wada et al., 2001) . RPE secretes VEGF in a polarized manner, with higher basal secretion towards Bruch's membrane than apical secretion towards photoreceptors in normal subjects (Blaauwgeers et al., 1999) . VEGF acts as both a specific EC mitogen and promoter of vascular permeability. Immunohistochemical expression of VEGF has been shown in surgically excised CNV (Frank et al., 1996; Grossniklaus et al., 1992; Kvanta et al., 1996; Lopez et al., 1996) and the vitreous levels of VEGF were significantly higher in patients with neovascular AMD (Aiello et al., 1994) . Anti-VEGF therapies were able to inhibit the laser-induced CNV in animal models (Krzystolik et al., 2002; Saishin et al., 2003) and CNV in human AMD subjects (Jyothi et al., 2010) .
Hypoxia inducible factor-1 (HIF-1) is a key signal for overproduction of VEGF with subsequent abnormal growth of the neovascular component of submacular tissue repair. The presence of HIF-1alpha and HIF-2alpha has been recently discovered in active CNV specimens (Sheridan et al., 2009 ). In addition to hypoxia, hyperglycemia increases the level of HIF and glycemic control can down regulate it (Chiu and Taylor, 2011) . In addition to angiogenesis, vasculogenesis, incorporation of progenitors, appears to be implicated in CNV development. VEGF is a chemoattractant for EC precursors, inducing their mobilization and promoting their differentiation (Asahara et al., 1999) . The chemokine stromal cell-derived factor 1-alpha (SDF-1 α) and its receptor CXCR4, are HIF inducible and involved in the recruitment of EC precursors into CNV (Guerin et al., 2008; Sengupta et al., 2010) . VEGF also represents a potent chemotactic signal for macrophages (Barleon et al., 1996; Clauss et al., 1990 ).
In the initiation stage of CNV, macrophages and their production of cytokines are important players in the growth of CNV. The second stage, neovascular enlargement, may depend on the presence of infiltrating inflammatory cells responding to cytokines in the area or producing cytokines in an autocrine/paracrine manner. Interleukin-2, -6, and -10 might participate to CNV expansion, but their exact roles have not been investigated thoroughly yet (Apte et al., 2006; Izumi-Nagai et al., 2007) .
Vascular endothelium and macrophages produce MMPs, which, in turn, degrade extracellular matrix allowing CNV infiltration through Bruch's membrane [Grossniklaus HE and Green WR, 2004] . It is unknown whether macrophages actively cause breaks in Bruch's membrane (via production of collagenase/elastase), or they are introduced into the compromised areas after the CNV breaks through Bruch's membrane (Grossniklaus and Green, 2004) . In an experimental model of CNV, macrophages depletion diminishes both size and severity of the neovascular lesion (Espinosa-Heidmann et al., 2003) . Leukocytes are recruited in CNV not only by VEGF but also by vascular adhesion protein-1, an EC adhesion molecule (Noda et al., 2008) .
Insulin-like growth factor (IGF)-1 is a growth-promoting polypeptide that can act as an angiogenic agent in the eye; the expression of IGF-1 and its receptor (IGF-1R) mRNA and IGF-1R protein in situ in normal human eye and in eyes with neovascular AMD has been reported (Lambooij et al., 2003) . In vivo, both VEGF expression and CNV activity in mice were downregulated by a specific inhibitor of IGF-1R (picropodophyllin) (Economou, 2008) .
Nitric oxide is a signaling molecule with pleiotropic effects, and it is a well-known mediator of vascular dilatation and permeability (Moncada et al., 1991) . Experimental findings indicate that nitric oxide is an important CNV stimulator, and that its reduction represents a potential therapeutic strategy for CNV (Ando et al., 2002a; Ando et al., 2002b) . However, in contrast to the prediction that diminishing NO levels would be salutary, we have observed that reduction of nitric oxide synthases in AMD choroid could be associated with vasoconstriction observed in GA and hemodynamic changes in AMD .
At the involutional stage of CNV, the most important players are TGF-β and TIMP-3, produced by RPE. These markedly influence both the secretion of extracellular matrix and the tissue remodeling. The outcomes of these processes are the maturation of established vessels and formation of scar tissue. The origin of cells and factors contributing to the subretinal fibrosis is not yet completely clear. However it is known that RPE cells themselves, directed by TNF-α, TGF-β, and other growth factors, dedifferentiate and proliferate and, together with choroidal fibroblasts, initiate wound repair or scar formation (Kent and Sheridan, 2003) . Stabilization of the blood vessels that remain in the scars may be due to anti-angiogenic factors present in the scar, which is discussed in the next section.
2.1g. Loss in anti-angiogenic factors in the RPE/BrMb/CC complex-The
physiological stability of the ocular vascular system is a balance between angiogenic and anti-angiogenic or angiostatic factors. The vasculature is stable or quiescent as long as the angiogenic factors do not overwhelm the endogenous angiostatic factors. Pathologic conditions such as ischemia or inflammation shift the balance towards angiogenic factors that are released by the damaged cells (Folkman and Klagsbrun, 1987; Gao et al., 2001 ).
Several endogenous angiogenesis inhibitors have been found in the eye: pigment epitheliumderived factor (PEDF), endostatin, and thrombospondin-1 (TSP-1). These anti-angiogenic factors are predominantly extracellular proteins that are part of the matrix or bind to the matrix and quite frequently require proteolytic processing for their activation (Carmeliet and Jain, 2000) . Possibly tipping the balance toward vessel formation, we have observed a decrease in pigment epithelium-derived factor (PEDF), endostatin, and thrombospondin-1 (TSP-1) in BrMb/CC complex during AMD (Bhutto et al., 2008) (Figures 6 and 7) .
PEDF is an RPE-secreted glycoprotein and a member of the serpin family that lacks serine protease inhibitor activity. PEDF is a multifunctional protein with demonstrable neurotrophic, neuroprotective, gliastatic, anti-tumorigenic, anti-angiogenic and antivasopermeability properties (Amaral and Becerra, 2010; Bouck, 2002; Dawson et al., 1999) . It also has immunomodulatory features. Different parts of the PEDF molecule mediate these different activities, and peptides corresponding to these regions retain the corresponding activity of native PEDF. The role of endogenous PEDF in the eye is uncertain. Several studies have demonstrated that intraocular injection of viral vectors that express PEDF or injection of recombinant PEDF suppresses retinal or choroidal neovascularization (Gehlbach et al., 2003; Saishin et al., 2005) . However, high doses of PEDF may have the opposite effect since continuous infusion of low doses suppressed CNV but high doses were stimulatory. We investigated VEGF and pigment epithelial growth factor (PEDF) in aging and AMD to evaluate the balance between these substances and if there was a shift toward angiogenesis (Gao et al., 2001; Kim et al., 2003) . We found that PEDF levels were reduced significantly during AMD in RPE cells, Bruch's membrane and choroidal stroma (Bhutto et al., 2006) . However, VEGF immunoreactivity was not significantly reduced in the RPE/Bruch's membrane/CC complex. The most intense VEGF immunoreactivity was observed in leukocytes in choroid.
Thrombospondin-1 (TSP-1) is a large (180 kDa), secreted glycoprotein that, like PEDF, has multiple domains and functions, including inhibition of angiogenesis, neuroprotection, and axon guidance. The receptor through which TSP-1 mediates its effects on endothelial cells, CD36, is also a multiligand scavenger receptor. TSP-1 knockout mice show increased vascular density during retinal vascular development. Both PEDF and TSP-1 selectively induce apoptosis in endothelial cells participating in neovascularization, but have no effect on endothelial cells in mature vessels. Cultured RPE produce Tsp-1 (Carron et al., 2000; Miyajima-Uchida et al., 2000) and it is found in vitreous and aqueous humor (Sheibani et al., 2000) . Our study of TSP-1 in aging and AMD demonstrated that TSP-1 in Bruch's membrane declines with age (Uno et al., 2006) . We found that it was almost absent in AMD Bruch's membrane and CC basement membrane. Additionally, we found high levels of TSP-1 as well as PEDF in disciform scars that a few quiescent blood vessels present in them.
Other proteins, such as angiostatin and endostatin, have domains that acquire antiangiogenic activity only after proteolytic cleavage. Endostatin, another endogenous inhibitor of angiogenesis, is generated by the cleavage of a collagen XVIII fragment (O'Reilly et al., 1997) . Several proteases, including cathepsin L and elastase, have been demonstrated to be involved in the cleavage of the C-terminal noncollagenous domain (NC1) of collagen type XVIII to produce endostatin. Corroborating its role as an anti angiogenic factor, intravenous administration of adenoviral vectors containing an expression construct for endostatin resulted in prevention of laser-induced CNV in mice (Mori et al., 2001) . We have recently found that endostatin is reduced in AMD choroid, compared with aged control choroids, while collagen type XVIII levels were comparable in the two groups .
We combined the analysis of the three angiogenic agents and found all three significantly reduced or absent in AMD BrMb/CC complex (Bhutto et al., 2008) (Figure 6 and 7). These findings suggested that different angiogenic inhibitors were present in the RPE/BrMb/CC complex and may play a significant role in wet AMD. The reduction in all three antiangiogenic agents in AMD suggests that Bruch's membrane is susceptible to invasion by CNV. Combinations of two or more angiogenic inhibitors with different molecular mechanisms or targets may achieve synergistic effects in treating CNV.
Role of inflammation in AMD

1 Proinflammatory RPE/BrMb/CC complex
Despite intensive basic and clinical research, the pathogenesis of AMD remains unclear and likely is multifactorial. A growing body of evidence indicates that inflammation and especially the complement system play key roles in the etiology of AMD. If AMD is caused by inflammation, it is not a classical inflammatory disease per se but a growing body of evidence suggests that chronic, abnormal inflammatory response and immunologic events play an important role in progression of AMD (Jager et al., 2008) . Components of the complement system including C3 complement fragments, C5, and the membrane attack complex (MAC) C5b-9 have been clearly shown to be present in ocular drusen and the capillary pillars of the choroid (Crabb et al., 2002; Johnson et al., 2001; Johnson et al., 2000) and in the vitreous of human eyes. Other molecules that mediate local inflammation have also been identified in AMD tissue (Anderson et al., 2002) .
The complement system is a biochemical cascade that helps or "complements" the ability of antibodies to destroy pathogens. As part of the innate (or non-adaptable) immune system, the complement system promotes inflammation, eliminates pathogens, and enhances an individual's immune response. The complement system consists of a group of more than 20 proteins, generally synthesized by the liver, which circulate as inactive precursors, or proproteins. When stimulated by one of several triggers, proteases in the complement system can cleave specific proteins, in turn resulting in the release of specific cytokines and consequent initiation of an amplifying cascade of further cleavages. These result in activation of the cell-killing membrane attack complex (MAC), which creates perforations in cell membranes. There are three distinct complement pathways: the classical pathway, the alternative pathway, and the mannose-binding lectin pathway.
The classical complement pathway is triggered by antigen-antibody complexes. The alternative and mannose-binding lectin pathways can be activated without the presence of antibodies (nonspecific immune response). Although each pathway is triggered differently, the common goal of these pathways is to deposit clusters of C3b on target pathogens. C3-convertase cleaves C3, creating C3a and C3b. C3b then binds to the pathogen surface, leading to internalization by macrophages and other phagocytic cells. C5a is an important chemotactic protein, helping recruit inflammatory cells. Both C3a and C5a have anaphylatoxin activity, leading to mast cell degranulation and increased vascular permeability. C5b also starts the membrane attack pathway, which leads to the formation of the end product of the complement cascade: the MAC. The MAC, consisting of C5b, C6, C7, C8, and C9, forms a transmembrane channel within cells leading to osmotic lysis (Dunkelberger and Song, 2010; Walport, 2001 ). Mullins and associates have found that there is increased attack complex in AMD eyes that have the high risk complement factor H (CFH) genotypes (Mullins et al., 2011a ).
The complement system is continuously activated at low levels in the normal eye and intraocular complement regulatory proteins (CD35, CD46, and CFH) tightly regulate this spontaneous complement activation to maintain complement activity at a level that promotes elimination of potential pathogens without damaging healthy tissue. Dysregulation of complement leads to overactive complement activity that can cause immune-mediated ocular damage. One thought on complement activation from Janet Sparrow is that photooxidation of A2E, a component of lipofuscin, results in products that activate complement (Zhou et al., 2006) (also see review in this issue by Sparrow). Weismann and associates have demonstrated that CFH binds malondialdehyde epitopes and protects against oxidative stress (Weismann et al., 2011) .
Using DNA sequence data from the Human Genome Project, three independent groups demonstrated that a polymorphism (Tyr402His) in the CFH gene increases the risk of developing AMD (Edwards et al., 2005; Haines et al., 2005; Klein et al., 2005b) . Polymorphisms in complement factor B (CFB) and factor 3 (C3) genes have been reported as novel risk factors for AMD. Another gene called HTRA1 (encoding a secreted serine protease) has been identified that has implications for the AMD as well Yang et al., 2006) . CFH mainly functions to control the alternative complement activation in plasma, host cells and tissue, and sites of tissue inflammation. CFH is involved in inhibiting the inflammatory response mediated via C3b (the alternative pathway of complement) both by acting as a cofactor for cleavage of C3b to its inactive form, C3bi, and by weakening the active complex that forms between C3b and factor B. C-reactive protein and glycosaminoglycans, the polyanionic surface markers, normally improve the ability of CFH to inhibit complement. The mutation in CFH (Tyr402His) reduces the affinity of CFH for CRP and probably also alters the ability of factor H to recognize specific glycosaminoglycans. This change could result in reduced ability of CFH to regulate the alternative pathway permitting it to run uncontrolled. The failure of CFH-Y402H in the SCR7 domain of CFH to bind to CRP could result in the high levels of unbound CRP in the choroid that we observed (Bhutto et al., 2011) , which could be permissive for chronic inflammation (Johnson et al., 2006) . Functional analysis indicates that wt but not mutant CFH binds malondialdehyde epitopes and protects against oxidative stress (Weismann et al., 2011) .
C-reactive protein (CRP) is an acute-phase protein considered to be a nonspecific serum biomarker for subclinical inflammation, which activates the complement system (Pepys and Hirschfield, 2003) . Elevated CRP is considered as a risk for cardiovascular disease (Mainous and Pearson, 2003) , adult-onset diabetes (NIDDM) (Dehghan et al., 2007) and, more recently, AMD (Seddon et al., 2004; Seddon et al., 2005) . Vine et al (Vine et al., 2005) reported similar findings and concluded that a higher CRP level was a risk factor for AMD, but the mechanism underlying the link between CRP and these diseases is not fully understood. CRP is thought to assist in complement binding to foreign and damaged cells and enhances phagocytosis by macrophages, which express a receptor for CRP. CRP immunoreactivity has also been identified in ocular drusen and other sub-RPE deposits (Anderson et al., 2002; Mullins et al., 2000) . However, there have been reports contradicting the association of CRP and AMD (Klein et al., 2005a; McGwin et al., 2005) . CRP can be deposited at sites of tissue damage (Parish, 1976) and can possibly form soluble complexes with certain apolipoprotein B (apoB)-containing lipoproteins (Rowe et al., 1984) . Recently, we investigated the expression pattern of the CRP and CFH in the submacular RPE/BrMb/ CC complex in aged control human eyes and in eyes with early, wet, and dry (geographic atrophy) AMD (Bhutto et al., 2011) (Figure 8 ). CRP immunoreactivity was prominently localized in and around the CC, ICS and individual cells in choroidal stroma in aged control subjects (Figure 8 ). In early and wet AMD choroids, CRP was more intense and significantly increased in the RPE/BrMb/CC complex including the ICS. In contrast, immunostaining for CFH was significantly reduced in the BrMb/CC complex including the ICS in eyes with early and wet AMD (Bhutto et al., 2011) . Furthermore, there is a significant inverse correlation between the CRP and CFH levels in eyes with advanced AMD (Figure 8 ). Our results suggest that high levels of CRP and insufficient CFH at the RPE/BrMb/choroid complex may lead to uncontrolled complement activation with associated cell and tissue damage. Another inhibitor of complement, CD46, is also reduced in the RPE during AMD suggesting that the normal regulators of complement are not present in AMD (Vogt et al., 2011 ).
The apolipoproteins LDL and HDL serve a variety of functions including transport of lipoprotein to certain cells or regulating enzymes that package lipids. These proteins can also interact with other systems of the body that have nothing to do with lipid handling. Abnormalities in the amounts or kinds of lipoproteins can cause increased risk of atherosclerosis. Atherosclerosis is a multifactorial disease driven by inflammatory reactions and has been associated with AMD. Lipoprotein(a) or Lp(a) is an atherogenic lipoprotein, similar to low density lipoprotein (LDL), that is attached to apoB-100 by a disulfide bond (Scanu and Fless, 1991; . Many studies have demonstrated a significant relationship between Lp(a) and CRP (McLaughlin et al., 2002; Rallidis et al., 2002) and other inflammatory factors, such as fibrinogen, interleukin-6 (Park et al., 2002) , complement 3 and 4 (Gurbuz et al., 2001 ) and soluble cellular adhesion molecules (Stenvinkel et al., 2000) . We found that Lp(a) was prominently localized to the CC of aged human control choroids (Bhutto and Lutty, unpublished results) . Lp(a) was significantly increased in choroidal arteries in eyes with early AMD. The higher levels of Lp(a) in early and wet AMD choroid may represent a possible atherogenic risk factor and may be interpreted as evidence for local inflammation and cellular injury in the RPE/choroid.
Other changes in innate immunity during AMD
Forrester et al suggested that chronic para-inflammation contributes to the initiation of AMD (Xu et al., 2009) . Para-inflammation is a tissue adaptive response to noxious stress or cellular dysfunction and it has characteristics of the state between basal inflammation state and true inflammatory state (Medzhitov, 2008) . The triggers for para-inflammation are dead cells, oxidative stress, AGEs and oxidized lipoproteins, all of which exist in the photoreceptor/RPE/BrMb/CC complex in early AMD. One characteristic of parainflammation is activation of microglia, which have been reported in the subretinal space in AMD. Forrester has shown that activated microglia in the subretinal space are associated with break down of the outer blood retinal barrier occurs (Xu et al., 2009) . Parainflammatory changes in choroid may contribute to changes in choroidal thickness, abnormalities in choroidal melanocytes, and fibrosis of choroidal tissue, all of which have received little attention in AMD research.
Ambati's lab has introduced another unique insight into the role for inflammation in AMD. They have found that RPE in AMD die after exposure to Alu RNA (Kaneko et al., 2011) . Normally Alu or noncoding or junk RNA makes up about 11% of the human genome but it is normally cleaved by DICER1 in RPE cells. However, Ambati's group has found that DICER1 is dramatically reduced in RPE of GA subjects (Kaneko et al., 2011) .
Conclusions
In light of the close association of the photoreceptors, RPE, BrMb, and CC, and their mutualistic symbiotic relationship, it is not surprising that an alteration in a single component of this complex compromises the normal RPE/choroid interaction and ultimately leads to disease and death of photoreceptors. However, the two types of AMD, atrophic and neovascular, may have different etiologies in regard to the death or dysfunction of the photoreceptor/RPE/BrMb/choroid complex.
In neovascular AMD the loss of choroidal vasculature may be the initial insult to the complex. We have observed loss in CC with an intact RPE monolayer in wet AMD ). This may be due to reduction in blood supply because of large vessel stenosis (Friedman, 1997) . In addition, the CC are susceptible to inflammation in that they constitutively express ICAM-1 , so firm adhesion of activated neutrophils is always possible. Furthermore, the environment of the CC, basement membrane and intercapillary septa, is a proinflammatory milieu with accumulation of complement components (Anderson et al., 2002) as well as proinflammatory molecules like CRP (Bhutto et al., 2011) . Mullins recently reported a relationship between acellular capillaries and drusen (Mullins et al., 2011b) . In this toxic milieu, CC die or become dysfunction making adjacent RPE hypoxic. These hypoxic cells would then produce angiogenic substances like VEGF to stimulate regrowth of new vessels, CNV. This loss of CC might also be a stimulus for drusen formation since the disposal system would be limited. Ultimately, the photoreceptors would die of lack of nutrients, leakage of serum, and scar formation.
In atrophic AMD, it appears that large confluent drusen formation and hyperpigmentation (presumably dysfunction in RPE) are the initial insult and the resorption of these drusen and loss of RPE (hypopigmentation) can be predictive for progression of GA (Klein et al., 2008) , i.e. RPE and BrMb appear to be dysfunctional first. In our studies, it appeared that the RPE died first in GA and were hypertrophic at the edge of the atrophy ). Ambati's work suggests that reduction in DICER1 in RPE during GA and subsequent accumulation of Alu RNA may be the cause of their demise (Kaneko et al., 2011) . Another reason for RPE death and dysfunction may be toxic products accumulated by RPE (Chiu and Taylor, 2011; Uchiki et al., 2012; Zhou et al., 2006) . These toxic products are said to activate complement, which could be the cause of death for many components in the photoreceptor/RPE/BrMb/CC complex. Loss of CC is secondary to loss of RPE in atrophic AMD.
Encouraging progress has been made in replacing lost RPE cells by RPE transplantation. However, it remains unclear how to restore RPE-retinal interactions or re-establish a bloodretinal barrier. RPE derived from human embryonic stem (hES) cells can be an important source of this tissue for transplantation to prevent further photoreceptor loss after death of RPE. The chances of success may be increased by the survival of some CC segments in GA, which could provide the seed for reformation of the CC after transplantation . A hurdle to success may be the inability of the new RPE/progenitor cells to repopulate an aged, thickened BrMb.
The death of photoreceptors by apoptosis, starting with loss of rods, is well documented in AMD (Dunaief et al., 2002) (Curcio et al., 1996; Curcio, 2001 ). Linsenmeier has shown that photoreceptors live at the edge because their oxygen content drops to near zero in the dark (Wangsa-Wirawan and Linsenmeier, 2003) . Any perturbation of that supply would make the photoreceptors dysfunctional. That perturbation may occur because their nutrient transporter and waste removal and recycler, the RPE, become dysfunctional or die. Alternatively the ability of nutrients from the CC or debris from RPE to traverse an aged, cross-linked, lipidfilled BrMb is reduced with aging and AMD, resulting in accumulation of debris in and on BrMb, i.e. drusen form. The fact that photoreceptor loss appears to be related to the size of the scar (Green and Enger, 1993) says that access to nutrients from RPE and CC is critical to photoreceptor survival.
In summary the mutualistic symbiotic relationship within the photoreceptor/RPE/BrMb/CC complex is lost in both forms of AMD. Loss of this functionally integrated relationship results in death and dysfunction of all of the components in the complex. Restoration of the relationship can be accomplished therapeutically by targeting the initial insult. Control of inflammation could prevent loss of CC and increase blood flow in supply blood vessels to the CC. Reduction in oxidative stress could have positive effects on CC and RPE death. This strategy appeared to work in the AREDS study at some level (Age-related Eye Disease Study Research Group, 2001 ). Restoration of reduced anti-angiogenic agents in the complex by gene therapy might inhibit CNV in wet AMD. Anti-VEGF therapies are already having a profound effect on progression of wet AMD, but better delivery or longer lasting agents are needed to avoid monthly injections of the therapy into the eye (Jyothi et al., 2010) . Either strategy might restore the angiogenic/antiangiogenic balance and achieve quiescence in CC. Anti-apoptotic therapies might prevent the death of any of the cells in the complex, preventing the retinal and choroidal degeneration. Finally, controlling glycemic index (avoiding hyperglycemia) and including DHA in diet (Chiu et al., 2009a; Chiu et al., 2009b) as well as avoidance of smoking and maintaining a regular exercise regimen could decrease levels of HIF, reduce oxidative stress, and increase blood flow respectively and, therefore, reduce the risk for AMD and its progression. A cross section of the fovea from a Macaque monkey demonstrates the layers of retina and the morphological relationship of photoreceptor/RPE/BrMb/choroid complex. To the left and right of the foveal pit, the center of macula, the layers of the sensory retina are clearly visible. The inner most neuronal nuclei are of ganglion cells (GCL). The inner plexiform layer (IPL) separates the inner nuclear layer of neurons (INL) from the ganglion cell soma. The outer plexiform layer (OPL) represents the synapses between photoreceptors in the outer nuclear layer (ONL) and secondary neurons in the INL. The photoreceptor inner segments (IS) are mitochondria-rich and their outer segments (OS) make close contact with the retinal pigment epithelium (RPE), the outer most layer of retina. Bruch's membrane (not discernible at this magnification) separates the RPE from the choriocapillaris (CC). The melanocytes of choroid are the extremely dark structures below the CC. Schematic of a normal RPE/BrMb/CC complex (A) and the changes that occur in dry (B) and wet (C) AMD. (A) The CC (purple) lie under BrMb (Black line) and large choroidal blood vessels (blue/red) are below the CC. RPE reside on top of BrMb. In GA (B), RPE are lost and then the CC become attenuated but some CC survive but are constricted. In wet AMD (C), CC is lost while RPE remain. The RPE become hypoxic and produce hypoxiainducible growth factors like VEGF, which stimulate the formation of CNV (solid purple blood vessel). Graphic representation of data from 8 aged control subjects and 12 AMD subjects, represented by the immunohistochemistry in Figure 6 . The scores (0-7) on the Y-axis represent the mean scores from three masked observers. Aged control subject data is represented by open bars and AMD subjects by black bars. A significant difference (***, P<0/01) was found for all three inhibitors in BrMb between control and AMD subjects.
